We investigate whether heterogeneity can explain the differences in mortality between the United States and a more homogeneous country, i.e. Japan. The background of the analysis is the growing gap between life-expectancy in the United States and the world record leader since the 1980s. This development is mirrored in the decelerated improvements made against mortality during the last 25 years -especially for women.
I. Introduction General Survival Improvements
From the beginning of the twentieth century until today mankind has been extremely successful in lowering mortality rates to previously unprecedented levels. This is reflected in the increase in record life expectancy which is a good approximation for what is possible at a given point in time ("technological frontier"). Since 1840, record life expectancy has risen almost linearly by a rate of roughly three months for every calendar year passed (Oeppen and Vaupel, 2002) : in 1900 women in New Zealand had the highest life expectancy at birth with 59.95 years.
One hundred years later, the female population of Japan is the record-holder with 84.62 years (Oeppen and Vaupel, 2002) . This development is depicted in Figure 1 .1, the deviations from the linear trend are relatively minor.
1 This trend has also persisted during the last five years. The most recent data for the year 2004 show for Japan a value of 85.59 years.
Looking at the increase in life expectancy since 1840, for the first 100 years this development was mainly caused by successfully combating the risks during early life. Most notably, infant mortality was lowered to historically unpredecented levels. Since the 1950s -and even more pronounced since the 1970s -the increase in life expectancy can be traced back to survival improvements for older ages, in particular for the oldest-old (ages 80+). This has been shown, for example, by Vдinц Kannisto and James W. Vaupel until the 1990s (e.g. Kannisto, 1994 , 1996 Kannisto et al., 1994; Vaupel, 1997) . Using the most recent data from the KannistoThatcher-Database, 2 one can show that this trend has continued until nowadays. (calculated as shown in Preston et al., 2001) , for the ages 80, 85, and 90 for the time-period from 1950 until 2001 for France, Sweden, and Japan which represent the countries with lowest mortality worldwide. Due to relatively small numbers, the curves are fluctuating for the first years at the oldest plotted age (90). Nevertheless, the trend is obvious: in all three countries mortality is constantly decreasing for women as well as for men at the highest ages. Especially for women in Japan, the slope of decreases in mortality (and complementarily the increases in survival) is remarkable (see also Table 1 .1): within approximately 50 years, the mortality rates 1 James C. Riley called this development "the crowning achievement of the modern era" (Riley, 2001, p. 1) .
for ages 80 and 85 are only one third of the levels from 1950. For age 90, the level of mortality roughly halved. Table 1 .1 also shows that mortality improved on average by more than 2.5 percent for age 80 in Japan during that period.
3
The Situation in the United States
The United States has never been the world record holder in life expectancy. Figure 1 .3 compares the development of life expectancy between the United States (light-blue) and other countries including best-practice life expectancy.
The first reliable data for the US are available from the year 1901 (Human Life- Table   Database , 2005) . By that time, life expectancy of women in the United States was 50.86 years and was hence lagging roughly 10 years behind the world record leader New Zealand (60.55, see supplementary material of Oeppen and Vaupel (2002) Oeppen and Vaupel (2002) ).
This effect in levelling off is mirrored in the development of mortality rates at advanced ages. Figure 1 .4 shows the probability of dying (q(x)) for ages 80, 85, and 90 States slowed down and is close to a standstill when comparing the 1990s with the 1980s.
Explanations
To understand demographic phenomena, one can typically refer to three idealtypen (Weber, 1980) of explanation which are not mutually exclusive: Level-0, Level-1 and Level-2 explanations (Vaupel and Canudas Romo, 2001) .
A Level-0 explanation is that there are problems with the data. Data quality is an apparent problem in the United States (e.g. Coale and Kisker, 1986) and will be addressed in Section 2 in this report.
A Level-1 explanation is the explanation one is typically interested in. It implies a change in the underlying variable (i.e. mortality in our case). Meslé and Vallin (2005) Japan, these effects were almost non-existent (Meslé and Vallin, 2005, p. 9) .
We investigate whether the divergent trend in the United States can be rather understood by a Level-2 explanation: a change in the composition of the population. At least since the publication of the monograph "Differential Mortality in the United States" by Kitagawa and Hauser (1973) it is well known that large mortality differences exist in the United States between various population subgroups. These subgroups can be defined by sex, ethnicity, income, education, marital status (see as examples for the large amount of literature on this subject: Kunst, 1997; Rogers et al., 1995) . A recent study shows that these mortality differences persist also at very high ages (Hoffmann, 2005) .
We therefore put forward the hypothesis that the levelling-off in the United States is the effect of a compositional effect: steady progress could be actually possible in all population subgroups. Over time, population subgroups with unfavorable characteristics gained weight in the US population while relatively well-performing subgroups contribute less to the population nowadays than they used to do. It would result in the observed levelling-off in gains in life expectancy suggesting a change in mortality trends albeit it is only a change in the composition of the population. This is one of the "ruses" heterogeneity can play and has been known to and understood by demographers for at least twenty years (Vaupel and Yashin, 1985) .
More specifically, we asked: How did mortality develop in the best-performing population subgroups in the United States compared to Japan? If our hypothesis of a compositional effect was true, we should see remarkable improvements in the best-performing population subgroups. We decided to contrast these best-practice results from the United States with Japan since this is a fairly homogeneous country with the lowest mortality at advanced ages.
Consequences for Public Policy
Understanding past mortality change is essential to predict future mortality developments.
Will the progress made in survival remain as slow as it did during the last twenty years or will the United States catch up with the trend of the leading countries in the world? In August 2005, the Social Security Administration published life table estimates for the United States for the years 1980) must, thus, largely be attributed to differences at younger ages.
1900-2100 (Bell and Miller, 2005) . Life expectancy for women is assumed to reach 86.40 years by 2100. According to this official estimate, the current level of life expectancy in Japan of 85.59
years would be exceeded in the United States only in 2086 implying a lag of roughly 80 calendar years in the United States. It has been suggested that the underlying decrease in mortality levels is too low (Wilmoth, 2005) . 6 Too pessimistic official estimates in terms of progress made against mortality would have major implications for the Social Security System. Since it is mainly based on a "pay-as-you-go"-scheme, more people would be beneficiaries in the future than currently predicted. The impact on taxation has been discussed, for example, in Lee and Tuljapurkar (1997) and Lee (2000) . Lee and Tuljapurkar (1997, p. 79) conclude:
"According to our simulation using the SSA mortality and fertility assumptions, the balanced budget tax rate would have to rise from 12% now to 20% in 2070. Based on the Lee-Carter point forecast, the tax rate instead would have to rise to 24%. Some forecasters, however, foresee mortality declines that are dramatically larger than these, viewing a life expectancy of 90-100 or more as a real possibility [...] . If life expectancy rose to 90 or 100 years by 2070, the balanced tax rate would have to rise to 27% or 32% of taxable payroll."
Please note that their simulations were based on earlier, even more conservative, forecasts. 7 The most positive scenario of an increase in the tax rate from 12% to 20% becomes therefore more and more unlikely.
II. Data & Methods

Data Problems in the United States
Official mortality estimations in the United States at advanced ages typically have relatively low quality -especially for higher ages. Kannisto (1994) , for example, judges that data from the United States compared to other Western industrialized countries are of "weak quality."
6 See also Vaupel and Schnabel (2004) for an approach to forecast national life expectancy based on forecasting best-practice life expectancy. 7 They used data where the sexes-combined life-expectancy was 80.7 years in 2070. The latest update from August 2005 assumes a higher life expectancy in the year 2070 since this value is by then almost exceeded by male life expectancy (80.97 years).
A similar assessment has been made by Coale and Kisker (1986, p. 2) : "At the highest ages data for the United States appear to be unusually weak for a more developed country." Also Bert Kestenbaum (1992, p. 565) from the Office of the Actuary of the Social Security
Administration bemoans "…the unreliability of the underlying data. Irrefutable evidence of the shortcomings of data sets for the extreme aged comes from their implausible products, such as decreases in mortality rates with age and substantial numbers of persons living at ages past 110
...." These problems can be explained by a variety of reasons such as changing methodology for estimates and a changing data-base for the estimates (Coale and Kisker, 1986) 8 as well as with problems of the US civil registration system (Meslé and Vallin, 2005) .
A "famous" outcome of the low data quality is the so-called "mortality crossover": AfroAmericans showed lower mortality than whites at advanced ages whereas they suffer from higher mortality at younger ages. Using Medicare Data to correct official estimates, it has been demonstrated that the mortality of Afro-Americans was also higher at advanced ages (Preston et al., 1996) .
Our own checks for the quality of official estimates of mortality in the United States revealed some implausability which is depicted in Figure 2 .1: for each state a separate line has been plotted for the logarithm of the probability of dying. The variability on mortality age 65 could be expected and also a slight convergence can be plausible. After age 95, however, mortality is exactly 9 the same in each of the 50 States of the United States. This is impossible.
The major conclusion from the findings of the literature and from our own investigations was that official estimates for the United States are not as accurate as is required for a proper analysis of mortality. The literature pointed, however, at another dataset: the Medicare records of the Social Security Administration. These data have been used for the construction of U.S. life tables for the years 1969-71 and are still used nowadays: "For the oldest age groups, [...] , the rates were corrected using data from the Social Security Administration" (Day, 1996, p. 28) .
They were also used in research -not only by Preston et al. (1996) -but also by Kestenbaum (1992), Parnell and Owens (1999) and Lauderdale and Kestenbaum (2002) , for instance.
8 Coale and Kisker (1986) note that US Life Tables have been constructed by extrapolating the highest ages via "various mathematical formulae." Furthermore, estimates were sometimes based on mortality records of surviving Civil War Veterans (1950 and 1960) ; in the years 1969-1971, Medicare records were used for some ages. 9 The mortality levels are the same for the given level of precision of four digits.
Data Description
The data of our analysis were a subset of the Social Security Administration's Master Beneficiary Record (MBR). Following the suggestions of the literature for data quality (Kestenbaum, 1992; Lauderdale and Kestenbaum, 2002; Parnell and Owens, 1999) , only people who were Medicare Part B insured were included. As Lauderdale and Kestenbaum (2002, p. 531) explain:
"We targeted the population enrolled in Medicare Part B rather than the population entitled to social security benefits, in part, because Medicare coverage is more complete than social security coverage at the oldest ages. Overall about 95% of persons 65 and older are enrolled in Part B, with many of those not enrolled being the younger elderly still participating in employee insurance plans. Although coverage could be enhanced by also including persons who only enrolled in Medicare Part A (hospital insurance), many persons appear to have only Part A coverage have, in fact, died or emigrated."
Since Medicare started in 1966, one would expect that the range of data-analysis should cover the years 1966 until the late 1990s for the age-range 65 to 100+. Some preliminary mortality analysis showed us, however, that mortality estimates before 1976 and after 1994 were completely out of range. Please see Figure A1 in the Appendix. Since the data only contained birth cohorts before 1916, we were restricted to analyzing the data for 1976 until 1994 for an agerange starting at 65 years. Table 2 .1 shows that despite those limitations there were still almost 20 million records available. To disentangle various population-subgroups we were able to break down the data by sex (women, men), state of residence (50 states) and by ethnicity (white, otherthan-white). It might have been desirable to have further covariates available such as education or income. They were, however, not included in these data. Nevertheless we can consider state of residence as an ecological proxy variable for income inequality -similar to the study published in the British Medical Journal on "Education, income inequality, and mortality: a multiple regression analysis" (Muller, 2002) .
Quality of the Social Security Data
Being aware of the problems of the quality of data in the United States, we scrutinized the Social Security Data thoroughly for implausability and quality. We compared our results also with other data we considered to be trustworthy. See for example the comparison by sex for our data indicated by "SSA" in red vs. the estimates from the Human Mortality Database (http://www.mortality.org) in blue (HMD) in Figures A2-A4 in the Appendix. We concluded that the Social Security Data are of sufficient quality.
Methods
Although the data from the Social Security Administration are considered to have higher quality than official estimates, we endeavored to ensure the highest quality in our mortality estimates. To estimate mortality rates and/or the probability of dying one needs to know the number of people who died in a certain interval as well as the number of people exposed to the risk of dying in the same interval. Population estimates at advanced ages are typically less reliable than information about deaths. While the standard problems, such as age-heaping (see, for example, Alho and Spencer, 2004) , are unlikely for our longitudinal, individual-level data, we
can not exclude the possibility that some records are still kept erroneously. We decided therefore to rely only on death counts which require an additional proof (i.e. a death certificate). The socalled "Extinct-Cohort-Method" allows us to estimate the exposed population using only information about death. This approach has been pioneered by Vincent (1951) and Depoid (1973) and is the standard tool nowadays to estimate populations for mortality databases such as the Kannisto-Thatcher Database and the Human Mortality Database.
For our analysis, we used an "Exact-Age / Exact-Birth-Year" approach (see Figure A5 as well as the section on methodology in the Appendix). We considered that a cohort is extinct at age 110 which appears to be a reasonable cut-off age to estimate mortality up to age 100 (the population at risk at age 99 is, hence, the number of deaths at ages 99, 100, 101, ... , 110 for a specific one-year birth cohort).
III. Results
Choice of Indicators
In the first step of our analysis we compare Japan with the best performing population subgroups in the United States. If heterogeneity and the changing composition of the population play a major role, one should expect that the best-performing population subgroup does not show the same levelling-off as has been observed for the whole US population. We measure performance of subgroups by three indicators: persists for women and men, the young and the old, majority and minority populations, and the married and the unmarried" (Rogers et al., 1995, p. 119 ). Again we picked the best five performing states and analyzed mortality for white women in relation to women in Japan. 1985 has been used as the year of reference because it is in the middle of our observation period .
Gross State Product per Head:
As an alternative to the median household income, we also used the Gross State Product per Head. At least since Preston (1976) Head on the other hand did not yield significant results.
Indicator: Life-Expectancy Performance
For each of the indicators, we are looking at the development of mortality over time for various ages and comparing it to Japan. For a first comparison, we plotted a mortality-surface for Japanese women for the age-range 80-100 for our observation window 1976-1994 (Figure 3.1 
Indicator: Gross State Product
Finally, we investigated the indicator GDP per head. Preston (1976) showed for a comparison for national population that there is a positive relationship between National Income Per Capita and life expectancy at birth. Hence, one should assume that also within a population, the subgroups with the highest gross state product per head should be leading in survival improvements. If one investigates, however, Figure 3 .6, little progress has been made for the five states with the highest gross state product per head in 1985 (Alaska, Connecticut, Delaware, New York, Wyoming). Again, one observes that the development of mortality levels over time is relatively horizontal, indicating only little progress over time. Also Figure 3 .7 emphasizes this result. Age-specific mortality rates for ages 80 and 85 over time were more or less identical for women in the whole of the US and women in the Top-5 performers.
IV. Conclusions
Life expectancy at birth for women in the United States has been among the highest in the world. Since the 1980s, however, a deceleration of life expectancy improvements could be observed in the US, generating an increasing gap in relation to the world record holding country.
The reasons for this development are not yet understood.
We asked whether compositional changes in the US population could have caused this levelling off. In this case mortality can decrease at a steady pace across all population subgroups which can be characterized by factors with a known mortality differential such as race, sex, religion, income, or educational background. The extent of the decrease, however, would differ across these groups. Over time, subgroups performing less favorably gained importance whereas the proportions of the subgroups performing very well became smaller. If this were the case, the increasing gap in life expectancy between the United States and the world record holder, which has been Japan since the mid-1980s, could be explained by diverging mortality rates in a heterogeneous society.
In order to test this hypothesis we chose to examine the development of mortality decline over time in US subpopulations performing very well and to compare these developments to the decrease in mortality in Japan. Taking into consideration the constraints linked to the data available, we selected the female and Caucasian subpopulations of the five US States performing best in terms of life expectancy, gross state product per head and median household income, respectively.
If compositional change were responsible for the deceleration in mortality decrease, these best performing subpopulations should show a rate of decrease similar to the well performing population of Japan. In contrast, other subpopulations performing badly should show a much slower decrease in mortality which eventually caused the lower life expectancy in the US.
However, the subpopulations performing best in terms of life expectancy showed a much slower pace in survival improvements than our country of reference, Japan. Neither did the US American subpopulations performing best in GDP per head or median income -the two other indicators chosen -show survival improvements to the extent Japan does. 
Method
It is impossible to estimate mortality for one year of age, during one year of calendar time for a one-year-birth-cohort as is shown in Figures A5-A7 . Our approach follows Figure A5 where the number of deaths is indicated by the green parallelogram. The population at risk is indicated by the red line between "A" and "B". That implies that we calculate mortality for an exact birth-cohort for the exact age. Calendar Time is, however, spread over two calendar years.
The means that mortality for year y is measured for the 1st of January of year y. 
